Abstract. The increasing tropospheric ozone (O 3 ) concentration has been reported to have negative effects on ecosystems. However, few investigations have focussed on the impacts of elevated O 3 on soil respiration in cropland. This study aimed to examine the responses of soil respiration to elevated O 3 with open-top chambers (OTCs) in a winter wheat (Triticum aestivum L.)-soybean (Glycine max (L.) Merr) rotation. The experiment was performed in the cropland near Nanjing city, south-east China. Seasonal changes in soil respiration rates, soil CO 2 production rates, and nitrification and denitrification rates in ambient air (control) and elevated O 3 (100 ppb) treatments were investigated in the 2009-10 winter wheat and 2010 soybean growing seasons. Seasonal mean soil respiration rates for the control and 100 ppb treatments were 3.16 and 2.66 mmol/m 2 .s, respectively, in the winter wheat growing season, and they were 3.59 and 2.51 mmol/m 2 .s, respectively, in the soybean growing season. Mean soil respiration rate in the control was~29% higher than that in the 100 ppb treatment across the whole winter wheat-soybean rotation season. Elevated O 3 significantly decreased soil respiration in both crops, with a larger effect observed in soybean. Mean soil CO 2 production rates were reduced by~42% in the 100 ppb O 3 treatment compared with the control. No O 3 effects were observed on soil nitrification and denitrification during the period monitored. A further analysis of covariance showed that soil respiration was significantly correlated with both soil temperature and moisture, and no interaction effects of O 3 treatment and covariate (temperature or moisture) were observed.
Introduction
Soil respiration, the flux of carbon dioxide (CO 2 ) from the soil surface to the atmosphere, comprises the second-largest (the largest is gross primary production) terrestrial carbon flux (Bond-Lamberty and Thomson 2010). Because of its major role in C loss from ecosystems, soil respiration has received much recent attention. Soil respiration represents the integrated response of plant roots and soil organisms to environmental conditions and the availability of C in the soil (Tingey et al. 2006) .
The tropospheric ozone (O 3 ) concentration has increased considerably since preindustrial times (Runeckles and Krupa 1994) . Regional levels of O 3 are likely to continue increasing where there is continued rapid population growth and use of fossil fuels in automobiles and industry (Hough and Derwent 1990; Yunus et al. 1996) . Particularly, the O 3 concentration has dramatically increased over the last decades in China, due to increased economic growth and higher emission levels of volatile organic compounds and nitrogen oxides (NO x ) (Wang and Mauzerall 2004; Wang et al. 2007) . In many industrialised regions of China, the increase in tropospheric O 3 is a key factor in atmospheric change (e.g. Wang et al. 2007; Yang et al. 2008) .
Elevated O 3 is known to decrease C allocation to roots (Cooley and Manning 1987; Spence et al. 1990; Gorissen et al. 1994; Rennenberg et al. 1996) and to alter C flux to soils through modified rhizodeposition, root turnover, and changes in leaf litter quality or quantity (Kim et al. 1998; McCrady and Andersen 2000; King et al. 2001; Kanerva et al. 2007) . These indirect effects of elevated O 3 may alter soil biological processes by modifying the soil physical conditions and mediating the availability of C substrates for microorganisms (Islam et al. 2000; Kanerva et al. 2007) , which may thus influence the production and emission of soil CO 2 . Investigations of the impacts of elevated O 3 on soil respiration have been conducted in natural or semi-natural ecosystems, such as grasslands (Kanerva et al. 2007 ) and forests (Edwards 1991; King et al. 2001; Pregitzer et al. 2006; Tingey et al. 2006) . However, effects of elevated O 3 on soil CO 2 flux have been reported as absent (Tingey et al. 2006; Kanerva et al. 2007) , negative (Edwards 1991; Coleman et al. 1996; Pregitzer et al. 2006) , and positive Scagel and Andersen 1997; Kasurinen et al. 2005) . In addition, few investigations have focussed on the impacts of elevated O 3 on soil respiration in agroecosystems (Islam et al. 2000) ; particularly lacking are seasonal field measurement data of soil CO 2 emissions.
Because elevated O 3 is harmful to soil microorganisms and roots (Rennenberg et al. 1996; Fiscus et al. 2005; Chen et al. 2009) , it was assumed that soil respiration might be affected by elevated O 3 . In order to examine the potential responses of soil respiration to elevated O 3 , a field experiment with open-top chambers (OTCs) in a winter wheat-soybean rotation cropland was conducted. The specific questions addressed were: (1) whether and how elevated O 3 affects soil respiration in the cropland; (2) whether elevated O 3 affects soil respiration through inhibiting soil C and nitrogen (N) transformation processes (rates of CO 2 production, nitrification, and denitrification); and (3) how soil temperature and moisture affect soil respiration under different O 3 treatments.
Materials and methods

Site description
The field experiment was performed in a cropland at the Agriculture and Meteorology Experimental Station (32812 0 N, 118815 0 E), Nanjing University of Information Sciences and Technology, Jiangsu Province, south-east China. Winter wheat (Triticum aestivum L.) and soybean (Glycine max (L.) Merr) are two main crops planted in the area. Annual average temperature of the experimental site is 15.68C and annual rainfall averages 1100 mm. The soil (0-20 cm) collected from the experimental field is classified as yellow-brown soil in Chinese Taxonomy or Typic Paleudults in Soil Taxonomy, consisting of clay 261 g/kg, with an initial pH (using a 1 : 2.5 soil : water ratio) of 6.5. Total organic C and N contents, determined by using the Degtjareff (Walkley and Black 1934) and Kjeldahl (Bremner 1960 ) methods, respectively, were 19.4 and 1.45 g/kg.
Experimental design
Field experiments were carried out in the winter wheat (between December 2009 and May 2010) and soybean (between July 2010 and October 2010) growing seasons. Fertilisation schedules and main growth stages of winter wheat (cv. Yangmai 16) and soybean (cv. Bayuedou) are indicated in Table 1 .
For the exposure studies we used OTCs (2.5 m high and 3.0 m in diameter) consisting of steel frames covered by transparent plexiglass. The upper portion of the chamber was kept open to maintain near-natural conditions of temperature and relative humidity. In each OTC, pipes with many small holes (10 mm in diameter and at an interval of 100 mm) release gases. The O 3 was generated from pure oxygen by high-voltage electric discharge in an O 3 Production Machine (Wohuan Inc., Nanjing, China). Solenoid valves and electromagnetic valves, linked with a programmable Log Controller (Wohuan Inc., Nanjing, China), were used to control gas meters to provide oxygen based on the prescribed O 3 concentration.
We set up two treatments: (i) ambient air (control, coded CK); (ii) elevated O 3 (100 ppb O 3 ). The OTCs were installed before each growing season. Crops and soils were exposed to ambient air or elevated O 3 from February to October 2010, except on rainy days. Daily exposure time was 8 h (08:00-16:00). For the elevated O 3 treatment, pure O 3 produced as described above was mixed with air, in order to obtain the prescribed O 3 concentration (100 ppb). Blowers and fans were used to mix air with O 3 . Electromagnetically operated valves were connected to an O 3 analyser (Aeroqual Inc., New Zealand) within the OTC to further ensure that the prescribed O 3 concentration for the 100 ppb treatment was achieved. When the O 3 concentration in the OTC was >105 ppb, the electromagnetically operated valve would cut off the supply of mixed gases (air + O 3 ); when it was <95 ppb, the valve would otherwise control the machine to supply a little more O 3 . The daily (24 h) mean O 3 concentration in the ambient air was 65 ppb .
Field soil respiration measurement
In this study, two OTCs were used for each treatment. Before the field experiment, we ploughed the soil and carefully raked it smooth for a seedbed. The OTCs were installed on the homogeneous soil. In order to further ensure the accuracy of the two OTCs, four sub-replicates (four PVC collars for soil respiration measurements) were set up in each OTC. Before each cropping season, the PVC collars (20 cm in diameter) were installed 3 cm into the soil. Eight collars were used for each treatment. Aboveground vegetation within the soil collar was removed by hand several days before chamber placement to avoid including canopy CO 2 exchange in soil respiration measurements. Plant roots were left in the soil. Measured soil respiration included both heterotrophic and autotrophic (root) respiration. Soil respiration measurements were made once or twice weekly, using a LI-8100 infrared gas analyser (LI-COR Inc., Lincoln, NE, USA) with an attached chamber. On each measurement day, soil respiration was measured from 8:30 to 10:30. The LI-8100 chamber was put on the PVC collar to measure soil respiration and then moved to the next collar. The LI-8100 kit also includes soil temperature and moisture sensors. The ECH 2 O Model EC-5 soil moisture probe (Decagon Devices, Inc., Pullman, WA, USA) is a dielectric sensor that measures volumetric water content (TDR) of the soil. The probe is wired at the factory with a plug for direct connection to the LI-8100 Chamber Sensor Interface. The soil temperature and moisture sensors were pointed into the soil at the time of soil respiration measurement. Soil temperature (8C) and moisture at 50 mm were monitored adjacent to each PVC collar.
Soil CO 2 production, nitrification, and denitrification measurements
A BaPS (Barometric Process Separation) facility was used to simultaneously determine the soil CO 2 production and gross nitrification and denitrification rates (Ingwersen et al. 1999) for the CK and elevated O 3 treatments. The BaPS measurements were performed on 24 April, 26 May, 23 August, and 29 September 2010 during the winter wheat-soybean rotation period. Stainless corers were used for taking soil samples at 0-50 mm for BaPS measurements. For each measurement, 12 soil cores were sampled, sealed, and then transported to the laboratory for analysis. The 12 soil cores were equally separated into three groups and measured successively. The unit of CO 2 production rate is ng C/g.h and that of gross nitrification and denitrification ng N/g.h. The measurement period of CO 2 production and gross nitrification and denitrification rates for each replicate was~10 h.
Crop biomass measurements
At the end of each cropping season, aboveground biomass samples (shoots) of crops were harvested by sickle, and below-ground biomass samples (roots) of crops were dug from each plot. The roots were washed thoroughly in water to remove soil particles. All biomass samples were dried at 758C for several days and weighed.
Data analyses
Pearson's correlation was used to test the relationship between soil temperature/moisture and air temperature, and between soil respiration and soil temperature. The n (number of samples) value for all correlation analyses is 22 (all measurements during the experimental period). As every round of measurement for CK and elevated O 3 treatments was performed on the same day during our experimental period, a paired t-test (n = 22) can be used to test the seasonal differences in soil respiration/temperature/moisture between CK and elevated O 3 treatments. An analysis of covariance (ANCOVA) was used to investigate the elevated O 3 , temperature, and moisture effects on soil respiration. The two O 3 treatments were used as a fixed factor, and soil temperature or soil moisture as covariate. On the one hand, ANCOVA evaluates whether population means of the dependent variable (soil respiration) are equal across levels of a categorical independent variable (O 3 treatments), while statistically controlling for the effects of covariates (CV). On the other hand, ANCOVA tests whether O 3 treatments had an effect on the dependency of soil respiration on temperature or moisture. The effects of soil temperature and moisture on seasonal variations in soil respiration were modelled by using an exponential model: R s = ae (bT+cW) . In this model, a, b, and c are three coefficients, R s (mmol/m 2 .s) is soil respiration, T is soil temperature (8C), and W is soil moisture (vol./vol.). All statistical analyses were performed with EXCEL 2003 (Microsoft Inc., Seattle, WA, USA) and SPSS 16.0 (SPSS Inc., Chicago, IL, USA) software. The results were considered significant at P = 0.05.
Results
Seasonal variations in soil respiration
Soil temperature (Fig. 1c, d) showed clear seasonal patterns that followed local seasonal variation in air temperature (r = 0.96, P < 0.001), while soil moisture did not show such patterns (r = 0.090, P = 0.578) (Fig. 1e, f) . Soil temperature (t = 1.433, P = 0.167) and moisture (t = 0.853, P = 0.403) did not differ between the treatments.
Soil respiration rates developed with similar patterns for the CK and elevated O 3 (100 ppb O 3 ) treatments (Fig. 2) ; the correlation of respiration rates between treatments was significant (r = 0.910, P = 0.001). Across the measurement period, soil respiration rates ranged from 1.27 to 6.17 mmol/ m 2 .s in CK and from 1.47 to 4.36 mmol/m 2 .s in the 100 ppb O 3 treatment (Figs 2 and 3) . Seasonal patterns of soil respiration rates corresponded to seasonal changes of soil temperature (r = 0.34, P = 0.026).
O 3 effects
Paired t-test analysis showed that elevated O 3 significantly (t = 0.483, P < 0.001) reduced soil respiration in the winter wheat and soybean growing seasons (Fig. 3) . For the winter wheat growing season, the inhibition effects of elevated O 3 on soil respiration tended to be more obvious during the later growth periods (anthesis, beginning grain filling, and physiological maturity stages) of crops ( Fig. 2 and Table 1 ). For the two seasons compared, a larger inhibition effect was observed on soybean (Fig. 3) . Compared with CK, elevated O 3 reduced mean soil respiration rates bỹ 19% in the winter wheat growing season and~43% in the soybean growing season. Overall, mean soil respiration rate in the CK was~29% higher than that in the elevated O 3 treatment across the whole winter wheat-soybean rotation season.
Both ANOVA and t-test showed no significant (all P > 0.05) differences in soil respiration between two OTCs for each treatment, which indicated that the field soil was homogeneous and two OTCs can represent a specific treatment. In addition, the error among four sub-replicates in each treatment was significantly less than that between treatments, which can also validate the representativeness of two OTCs.
Harvested aboveground biomass was higher (t = 9.890, P < 0.001) in CK for soybean only. No difference (t = 0.210, P = 0.867) was observed in aboveground biomass of winter wheat between treatments. A significant higher root biomass was also found in CK for soybean (t = 3.670, P = 0.007) but not for winter wheat (t = 1.486, P = 0.166). Seasonal mean soil CO 2 production rates were 158.2 and 92.4 mg/g.h for the CK and elevated O 3 treatments, respectively (Fig. 4a) . Mean soil CO 2 production rates were significantly (t = 4.94, P = 0.016) reduced by~42% in elevated O 3 treatment compared with CK. No significant effects of elevated O 3 were observed on soil nitrification (t = 1.534, P = 0.223) and denitrification (t = 0.091, P = 0.936) during the period monitored (Fig. 4b, c) .
Temperature and moisture relationships of soil respiration
An ANCOVA was used to investigate the elevated O 3 , temperature, and moisture interaction effects on soil respiration. Tables 2 and 3 show that the soil respiration Elevated O 3 and soil respiration Soil Researchrate was significantly correlated with both soil temperature and moisture (P < 0.001) across the whole winter wheat-soybean rotation season. No interaction effects of O 3 treatment and covariate (temperature or moisture) were observed ( Table 2 ), indicating that the relationship between soil respiration and soil temperature or soil moisture did not depend on O 3 treatment.
Discussion
Elevated O 3 and soil respiration
Elevated O 3 may affect the microbial populations mainly via direct influence on crop growth and physiological metabolism, which in turn affect root secretion, thereby leading indirectly to effects on the dynamics of microbial communities (Islam et al. 2000; Chen et al. 2009) . Before this experiment, we assumed that elevated O 3 would inhibit soil respiration, because O 3 may affects soil microorganisms and roots (Rennenberg et al. 1996; Andersen 2003; Chen et al. 2009 ). This assumption is partly verified by our field experiment. The inhibition effects of elevated O 3 on soil respiration appeared a relatively long time after O 3 fumigation (two months after O 3 fumigation).
Our results are consistent with some previous reports that elevated O 3 reduced soil respiration (Grulke et al. 2001; Andersen 2003) . Evidence from greenhouse and OTC studies has demonstrated that O 3 reduced C allocation to roots (Gorissen et al. 1994; Rennenberg et al. 1996; Andersen 2003 ). Plants exposed to elevated O 3 also have lower levels of root nonstructural carbohydrates and lower rates of respiration (Coleman et al. 1996; Grulke et al. 2001; Andersen 2003) . It can be speculated that O 3 , being a strong oxidant, affected crop growth, and as result, microbial oxidation and aerobic respiration were severely affected due to reduction in the production and metabolic activities of the plant roots (Rennenberg et al. 1996; Fiscus et al. 2005; Chen et al. 2009 ). However, the effects of elevated O 3 on soil respiration were contingent on different crop types. On the one hand, it was observed that the measured biomass of winter wheat was not significantly different in elevated O 3 and ambient air control treatments, whereas CO 2 respiration was significantly different. Given the fact that winter wheat biomass was not affected by O 3 fumigation, the CO 2 emitted from wheat roots might be the same in both treatments. The difference in soil respiration under the two O 3 treatments can be attributed to the different amounts of CO 2 emitted from soil microbes. This is supported by the BaPS incubation experiments, which showed that soil CO 2 production rates in the elevated O 3 treatment were significantly (P < 0.05) lower than in CK. On the other hand, biomass showed a significant decrease in the soybeanplanted plots, which substantially contributed to the decrease in soil respiration (Yang and Cai 2006) . Soybean is an N 2 -fixing species and may thus be O 3 -sensitive, although there is probably variation in O 3 sensitivity between genotypes/varieties (AbdelFattah and Ali 2000; Feng et al. 2008) . Therefore, elevated O 3 decreases soil respiration through inhibiting different respiratory components during the two cropping seasons-the decrease in soil respiration can be attributed to reduction of microbial respiration for winter wheat plots but root respiration for soybean plots. Moreover, Kanerva et al. (2008) reported that soil nitrification and denitrification processes were unaffected under elevated O 3 . Similar to the results of Kanerva et al. (2008) , our measurements also indicated that the O 3 exposures in the wheat-planted plots were not sufficiently intense to cause a detectable response of nitrification and denitrification rates. Most studies of the effects of elevated O 3 on soil respiration have focussed on forest and grassland ecosystems (Rennenberg et al. 1996; Grulke et al. 2001; King et al. 2001; Andersen 2003; Kanerva et al. 2008) . Such studies are rare in croplands. Therefore, we have few data to verify our O 3 experiment in cropland. Although similar experimental treatments have been initiated in forest and grassland (Rennenberg et al. 1996; King et al. 2001; Kanerva et al. 2008) , the specific plant and soil conditions in cropland are fundamentally different from those in forest. Different cropping regimes may mediate the effects of O 3 on soil respiration. In our experiment, soybean (particularly for root nodule) may be more sensitive to elevated O 3 ; the detailed mechanism for N 2 -fixing crops may be different from that for other crops and needs to be further investigated.
Combined effects of elevated O 3 , temperature, and moisture on soil respiration
Soil temperature and moisture are generally considered two basic factors in controlling soil CO 2 emission processes. Temperature controls the rate of biological reactions through its influence on enzyme kinetics (Lloyd and Taylor 1994; . The increase in enzyme activity as a function of temperature has been modelled with various functions (e.g. power function, exponential function, Arrhenius function, and sigmoidal function, as reviewed by Webster et al. 2009 ). Soil moisture is another important factor driving the seasonal variations in soil respiration. If a wet site dries substantially or a dry site wets substantially, then a large variability in soil CO 2 emission may occur (Davidson et al. 1998) . In this study, the relationship between soil respiration and soil temperature/ moisture showed no significant difference under two O 3 treatments. Although elevated O 3 decreased soil respiration, the relationship between soil respiration and soil temperature or soil moisture did not depend on O 3 treatment. Further studies should attempt to investigate the mechanisms that are related to the responses of soil respiration to temperature and moisture under elevated O 3 .
Conclusion
It can be concluded that elevated O 3 significantly reduced soil respiration rates during the main growth stages of winter wheat and soybean, although elevated O 3 did not change the seasonal patterns of soil respiration rates. The inhibition effect of elevated O 3 on soil respiration was greater in the soybean growing season than that in the winter wheat growing season. Soybean is an N 2 -fixing species and may thus be O 3 -sensitive, although there is probably variation in O 3 sensitivity between genotypes/ varieties. Soil respiration rates were significantly correlated with both soil temperature and moisture across the whole winter wheat-soybean rotation season. 
